itive total dissipation t = t2 -t1 (13) .
In the limit 1 >> 1, the speed of energy change is so high that switching may take place only at W > 0, but within a much larger interval of energies: AW -1 112kBT.
The average energy dissipation for this (irreversible) process is of the same order, that is, much greater than kBT and independent of T: W = (Tr/2)"2kBT = (re2o/2G) . 2 The results of numerical calculation of W for intermediate values of 1 are represented by the solid line in Fig. 3 . Taking into account that at p << 1 the parameterT = A/x may be considered as the duration of the sw.itching process (Fig. IC) , we find that all our asymptotic results can be summarized as follows: h GRQ 0.67 In(1/p) for where RQ = rrh/2e2 6.45 kilohms is the quantum unit of resistance. Because the orthodox theory is valid only at GRQ << 1, within this theory T >> h for any switching speed.
Our results demonstrate that reversible computation for which the energy dissipation 6 per bit is much less than kBT may be implemented in a physical system with discrete states. However, the quantum bound for the product C&T obtained within our concrete model is much greater than that obtained earlier for a system with a continuous degree of freedom (9) . It is possible that the h limit for tr may be overcome in the case of islands with discrete spectra of electron energies (14) . REFERENCES In the formation of mesoporous M41S family molecular sieves (1, 2) , cooperative formation of the surfactant phase is critical in determining the mesostructure (2, 3) . By varying the surfactant/silicate ratio, one can form hexagonal, cubic, or lamellar structures as the surfactant/silicate ratio increases (2, 4) . This is parallel to the known phase behavior in simple water/ 100 surfactant systems for cationic (5) es of the acidification by x-ray diffraction (XRD) pattem and scanning electron microscopy (SEM). Before addition of the H2SO4, the surfactant-aluminate-silicate mixture appeared to be an opaque white suspension. In the early stage of acidification, the mixture underwent a phase separation to form a surfactant-rich viscous gel phase and a clear aqueous solution.
Further addition of acid led to a sudden dispersion and precipitation of the upper surfactant-rich layer. The XRD pattem of the as-synthesized material (sample A) at this early stage of neutralization (Fig. 1A) is typical for hexagonal MCM-41, with dloo = 4.0 nm (where d is the center-tocenter distance of micelles in hexagonal packing). An SEM micrograph of sample A ( Fig. 2A) shows, however, a layered lamellar-type structure, where at least six layers can be discerned. Subsequent addition of acid to the mixture resulted in another as-synthesized sample (sample B), in which the XRD pattern maintained the same hexagonal arrangement of MCM-41 with more distinct (110) and (200) peaks (Fig. iB) . The SEM micrograph of sample B shows that the layers in sample A broke up into microtubules (Fig. 2B ). After complete addition of acid, the sample com- pletely transformed into tubules with a rather uniform diameter (-0.3 jxm) and average length (-5 ,um). After its hydrothermal reaction at 100°C, we obtained an XRD pattem and micrograph of the filtered sample C (Figs.  1C and 2C, respectively) . The d spacing of sample C increased slightly to 4.16 nm, and the tubular structure was maintained. Enlargement of the image, showing some of the broken ends of the tubule, revealed that it is hollow. Calcination of sample C resulted in sample D, in which the SEM showed almost the same pattern as in sample C. Examining many of the SEM micrographs, we found that the tubular form represents >95% of the solid material. Its XRD pattern (Fig. 1D) indicates that it has a welldeveloped hexagonal MCM-41 structure with some shrinkage of d spacing to 3.96 nm. This very slight shrinkage after calcination indicates that the nanostructure is strong.
Transmission electron microscopy (TEM) of sample C (Fig. 3A) shows equidistant parallel lines, along the tubular axis, with an apparent average spacing at -3.70 nm, which gives a distance of 4.27 nm after multiplication by the 2/\/3 geometry factor (13) . This value is in reasonable agreement with the XRD result. From Fig. 3A , it is also apparent that the darkness of the parallel lines is not uniform, a defect that is probably due to broken channels. The calcined product was further characterized by a N2 adsorption-desorption isotherm, which gave a Brunaer-Emmett-Teller surface area of 1066 m2 g-1. The pore size distribution shows an average pore size of about 2.6 nm and half-height width of 0.2 nm. In addition to the sharp increase of volume adsorbed at P/PO 0.34 (where P is pressure), there is a substantial hysteresis in the isotherm at P/P0 > 0.45. This effect may be due to a packing defect in the formation of the tubules. The bending and closing-up process in a membrane-to-tubule translation will unavoidably create some stress, and thus packing defects, between the cylindrical micelles. 27Al nuclear magnetic resonance (NMR) spectroscopy of the as-synthesized material showed a peak only at 52 parts per million (ppm), which indicates that all of the aluminum resides in the skeleton.
We have also performed the same synthesis procedure to prepare pure silica MCM-41 without any addition of alumina source. The calcined product also revealed a microtubular morphology, as shown by SEM (Fig. 3B) , with a much larger outer diameter (-3 ,um) and length (>20 [im).
The microtubule is hollow, with a wall thickness -0.6 jLm; however, unlike the uniformity of aluminosilicate microtubules in Fig. 2 , the size of the hollow tubules of pure silica MCM-41 is nonuniform and the material is a mixture of the tubular and microparticle forms of MCM-41.
Two experimental factors are crucial to the formation of hollow microtubules: the ratio of surfactant to water in the reactant and the delayed slow neutralization procedure. Although there is a large range of surfactant/water ratios that permits the formation of periodical hexagonal-phase MCM-41, the corresponding range of ratios for the formation of hollow microtubules is relatively small. If the C16TMAB/water ratio is too low, the product has the usual microparticle morphology. The neutralization step should also be slow. The hollow tubule structure can thus be formed at high pH, before the substantial polymerization of silicates results in rigid, unbending structures. Given the almost complete transformation of the aluminosilicate at mild reaction conditions into the uniform size of hollow tubules, we propose a liquid crystal phase transformation mechanism for the formation of the new structure. In the beginning, under high pH, the silicate-surfactant system is close to the lamellar-hexagonal phase boundary. A little acidification results in a mixed lamellar-hexagonal phase in which layers of hexagonally arranged rod micelles are separated by bilayers of surfactants and water (Fig. 4A) . This phase probably corresponds to the intermediate phase reported in the surfactant phase diagram (5). The layered structure can be stabilized by the electrostatic and entropic undulation repulsion force between the membrane layers (14) .
Because the membrane layers are intrinsically anisotropic, further acidification leading to the condensation of silicates and charge imbalance on the membrane surface should favor the curvature of the membrane along only one direction (Fig. 4B) , the transrod direction. Neutralization would then bend the membrane completely into tubules (Fig. 4C) . A "natural wavelength" of destabilization can thus be expected and, as we observed, results in the formation of tubules with uniform diameters. The transformation of the lamellar -> ripple -* tubular phase is similar to the process in the formation of lipid tubules (15) . Recently, multilamellar lipid tubules were observed through a firstorder phase transition (16) . It has been predicted that fluctuating tethered membranes with any intrinsic anisotropy unavoidably transform into "new" tubules (17) , given enough driving force. In our case, the driving force arises from the charge imbalance at the surface, which is associated with the condensation reaction of the silicate-oxygen bond as the pH is lowered (18) .
In the case of pure silica tubules, the membrane would be more thick and rigid and a ripple with a longer wavelength should be expected, as observed (19). As shown in Fig. 4A , we started with a mixed lamellarhexagonal layer system, but a short-lived pure lamellar phase could also exist, as observed by Monnier et (23) .
We have designed a strategy for producing hollow tubular forms of MCM-41 based on the sequential separation of selforganization of template silicates and the polymerization of silicates. By delaying the formation of the rigid structure, one can build the more complex tubules-within-atubule structure through a phase transformation of liquid crystal. This in turn may provide a way to explore the many complex structures that are possible in surfactant systems and to form zeolite structures. The ability to synthetically control the intricate hollow tubular form of the aluminosilicate MCM-41 could have applications in catalysis, separation technology, and opticoelectronics. phase in our system, this ripple structure would provide a reasonable explanation of the intermediate structure observed in Fig. 2B . The ripple phase has been observed in many lipid systems (24) and can include macroripples with wavelengths of -100 nm (25) cooperative way under the influence of surfactants (4-10), with the nanophase dimensions and the overall 3D periodic geometries determined primarily by the surfactant molecular shape and geometry.
We combined long-range oil-in-water emulsion and oil-water interface physics with the shorter range cooperative assembly of silica and surfactants at the oil-water interface to create ordered composite mesostructured phases that are also macroscopically structured. The organic "oil" and surfactant can be removed from the silica phase to give mesoporous structures. Here the emulsion or the interface, or both, exerts morphological control during the formation of the inorganic gel or crystals.
With self-assembly energies approaching kT, emulsions are often close to the limit of stability. Oil-in-water emulsions are stabilized by short-range (10-7 m) and relatively weak van der Waals interactions between the hydrophobic tails of amphiphilic surfactants and the emulsion organic phase. The M41S silicate mesostructures first described by the Mobil group were synthesized with surfactants under alkaline conditions (pH 11 to 12). Under these basic conditions, composite formation is dominated by strong, direct interactions between positively charged surfactant (S+) with negative inorganic silica solution species (I-) and the consequent intermolecular interactions among the resulting molecular ion pairs (S+I-) (9). This interaction is energetically disadvantageous for the creation of silica composite macroscale structures by the process of "coating" surfactant molecules that are weakly coordinated to an organic surface through van der Waals interactions because if the surfactant molecules are abstracted from the organic media, macroscopic control of the product by the organic phase is lost.
An alternative synthetic approach is to use acid-prepared mesostructures (APMs) synthesized from very acidic solutions below the pH of the isoelectric point of silica (5) . Under these conditions, halide ions (X-) mediate the interaction between the surfactant and positively charged inorganic species (S+X-I+) through weak hydrogen bonding forces so that the identity of the surfactant-coated organic surface is maintained (11) . Silica mesostructured phases synthesized in this fashion have different composition, pore structure, and absorption properties compared with samples synthesized under alkaline conditions (12) .
With this in mind, we exploited the biphase control in the synthesis of APMs on two different length scales simultaneously: synthesis at one scale forms the surfactant inorganic nanocomposite, and the other controls the secondary particle morphology on the micrometer to centimeter scale, with the large-scale control being similar to the approach of Walsh et al. (13) . We used auxiliary organics to create an oil-in-water emulsion. In the acidic synthesis, tetraethoxysilane (TEOS) was the silica source. It hydrolyzes under acidic conditions and then condenses to form the APM. If auxiliary organics, such as n-hexane, benzene, toluene, mesitylene, or others are used, the oil-in-water emulsion is formed where the TEOS is dissolved in the oil droplets that are surrounded by an acidic aqueous solution with surfactant concentrated in the interface. The TEOS is hydrolyzed just at the oil-water interface, and there forms the mesostructure, which reflects on a larger length scale the size and shape of the oil spheres because the inorganic material solidifies around them.
A typical synthesis was carried out as follows: The surfactant [4. 
